Objective. To evaluate the healthcare and economic impact of routine hepatitis A vaccination of toddlers in Chile.
during asymptomatic infections (16, 17) . Routine vaccination of toddlers can help prevent virus transmission, reduce levels of endemic infection, and also control hepatitis A outbreaks (13) (14) (15) (18) (19) (20) (21) (22) . For example, a universal two-dose vaccination schedule was implemented in Israel in 1999 in response to declining levels of hepatitis A endemicity (23) . , vaccination had reduced the number of childhood infections among vaccinated persons by 98% compared with the prevaccination period. Additionally, there were substantial reductions in infection rates of between 77% and 96% in all other age groups, suggestive of a rapid, high degree of vaccineinduced herd immunity (23) .
In addition to its healthcare impact, symptomatic hepatitis A imposes a severe economic burden. For example, a single case of hepatitis A leading to liver transplantation can cost the healthcare provider thousands of dollars in Argentina. 4 There are also indirect costs associated with work absenteeism and lost productivity, which can add to the societal burden of hepatitis A. Targeted or routine vaccination against hepatitis A can be costeffective or even cost saving in some, but not all, situations (24) (25) (26) (27) (28) (29) (30) . For example, routine childhood vaccination can be highly effective (13, 17, 31) and cost-effective (26, 32) in countries or regions with decreasing levels of endemicity, such as Argentina, Israel, and the United States.
Routine vaccination against hepatitis A is not a common healthcare policy worldwide, although there is a growing awareness of the potential benefits of such programs. In addition to the example of Israel (23) , some regions of Australia, Italy, and Spain have implemented a routine childhood vaccination program (12, 20, 33) ; routine vaccination is now recommended throughout the United States (1) and in Argentina (34), where studies have shown that vaccination has both healthcare and economic benefits (32) .
In recent decades, socioeconomic developments in Chile have resulted in an increase in the number of symptomatic cases of hepatitis A (6) . Despite this situation, Chile has not implemented a routine hepatitis A immunization program. The current hepatitis A control policy in Chile focuses on hygiene education and outbreak control. Vaccine use is limited to contacts of infected individuals in the case of an outbreak.
A recent study using a Markov model of vaccination outcomes with Chile-specific data showed that routine hepatitis A vaccination of toddlers would be cost-effective (30) . In this model, primary and secondary cases of hepatitis A infection were considered, but infection throughout the population was not. As a result, the study included only a limited consideration of herd immunity (30) .
We present a study on the health and cost benefits of routine vaccination of toddlers in Chile against hepatitis A that uses the results of a populationbased model. This dynamic model, which includes the changing epidemiology of infection, enables a full accounting of herd immunity. It has previously been used to demonstrate the health and economic benefits of hepatitis A vaccination of toddlers in Argentina (32) , where epidemiologic changes similar to those observed in Chile have occurred.
METHODS
Our study was designed to evaluate the cost effectiveness of universal vaccination of toddlers (age range: 1 year to school age) in Chile against hepatitis A. We evaluated the two-dose schedule, recommended by the U.S. Advisory Committee on Immunization Practices, administered to the annual birth cohort at 12 and 18 months (1). To determine the cost effectiveness of vaccination from the societal perspective, we used a dynamic model capable of incorporating the changing epidemiology of hepatitis A (described below). The parameters used are specific to Chile wherever possible. Where such data were not available, we used appropriate, published data. We evaluated cost effectiveness over a 100-year time horizon in the base case and also after 10 and 30 years to determine the potential for an early return on investment in the program.
Epidemiologic model and health outcomes
To evaluate the dynamics of hepatitis A infection in Chile in response to the vaccination program, we divided the population into 100 cohorts, each with an age range between 0 and 100 years. Within each cohort, individuals were assigned to one of four hepatitis Arelated states: susceptible to infection, protected by vaccination, infectious, or protected by naturally acquired immunity (defined as "immune" in Figure 1 ). We obtained demographic data from World Health Organization (WHO) life tables (35) and the 2002 Chilean census (36). Case fatality rates (Table 1) (27, 30, 32, (36) (37) (38) and the risk of jaundice resulting from hepatitis A infection were based on data of Jacobs et al. (27, 37) and Armstrong et al. (17) , respectively.
Using the dynamic model, we estimated the number of symptomatic and fatal infections and also evaluated the impact of vaccination on the number of life-years lost because of hepatitis A. The relative numbers of vaccinated and susceptible individuals of age a at time t were governed by the balance among vaccine efficacy (e), vaccination coverage (v), and the waning of protection (w). We calculated the number of susceptible individuals who became infectious by using the age-specific force of infection (λ) derived from Chilean seroprevalence data (39) (40) (41) . Specifically, we used data reported by Tapia-Conyer et al. (40) , which were countrywide and referred to a broad age range (0-40 years). As in our previous analysis of hepatitis A vaccination in Argentina (32), we factored in the impact of the changing epidemiology of hepatitis A by assuming that the force of infection is decreasing at an annual rate of 1% in the base case (range: 0%-2% in sensitivity analyses). When considering vaccination, we reduced the force of infection to account for the impact of vaccination-induced herd immunity.
We included herd effects in the model to mimic those obtained with an age-structured susceptible-infectedrecovered (SIR) model. The first step in estimating herd effects was to calculate the elimination threshold (the level of vaccination coverage needed to stop circulation of the virus) associated with an age-structured SIR model. The value obtained was 92.3% when using λ and assuming that transmission parameters depend only on the age of susceptibility. Thereafter, herd effects were included in the analysis through a percentage of reduction in the force of infection, α(a, t), based on the proportion of individuals protected by vaccination. For elimination threshold values between 0% and 92.3%, the relation between the reduction in force of infection and the elimination threshold was assumed to be linear. Beyond 92.3%, virus circulation was considered residual: 1% of that observed in the absence of vaccination.
We considered two outcomes of hepatitis A infection: symptomatic infection, including jaundice and fulminant hepatic failure, and death ( Figure 1) . We estimated the age-specific percentage of infectious individuals who develop jaundice (p) using published data, which showed a maximum of 85.2% among adults (27, 37) . We estimated the number of hepatitis Arelated deaths using published case fatality rates (Table 1) .
Economic outcomes
We estimated the cost effectiveness of the vaccination program in terms of U.S. dollars per life-year gained by the reduction in the number of symptomatic hepatitis A cases. All costs are stated in 2005 U.S. dollars.
The costs associated with hepatitis A infection in Chile are summarized in Table 2 (30, 32, 42) . Direct and indirect costs were considered from the societal perspective, whereas only direct costs were considered from the public payer viewpoint. Direct medical costs included outpatient care, hospitalizations, and care for fulminant cases (in the short and the long term). In addition, we defined indirect costs as parental work loss for patients less than 15 years of age and sick leave for older patients, with adjustments for the activity rate in the country. We used these data, together with the data from Table 1 , to evaluate the costs associated with hepatitis A. We applied an annual discount rate of 3% to all costs and outcomes in the base case as recommended by the WHO guidelines (43) .
We defined the base case using the following parameters: 95% vaccination coverage, a 1% decrease in force of infection, and a 100-year time horizon. Two vaccination strategies were considered: (1) universal vaccination based, in accordance with international recommendations (21), on a two-dose schedule; and (2) no vaccination. The cost-effectiveness analysis was subjected to a range of univariate and multivariate sensitivity analyses in addition to the base case scenario (summarized in Table 3) .
No Chile-specific data were available for vaccine-associated adverse event rates; therefore, we used published values (0.03%) from a study in Argentina (32) . For other vaccine-associated parameters, we used international data from the U.S. Centers for Disease Control and Prevention for seroconversion rates after the first and second dose (38) and an annual rate of waning of protection of 0.58% as recommended by a U.S. expert panel on the basis of available clinical data (27) . The published seroconversion rates were similar to those observed in a study of 332 children in Chile who were seronegative for the hepatitis A virus: 99.7% after the first dose and 100% after the sec- ond dose; geometric mean titers were 4 008-7 144 mlU/mL, depending on the vaccine used (44) .
RESULTS

Health outcomes
The two-dose vaccination schedule had an immediate, positive impact on the number of hepatitis A infections and symptomatic cases in Chile (Figure 2) . (Table 4) .
Sensitivity analyses showed that a coverage rate of 90% would lead to a 72.7% reduction in symptomatic cases and a 52.9% reduction in deaths related to hepatitis A. Even at a coverage rate of 50%, universal vaccination of toddlers would reduce the numbers of symptomatic cases and deaths by 38.7% and 14.9%, respectively. Sensitivity analyses showed that high levels of herd immunity relative to the base case would reduce symptomatic infection rates and deaths related to hepatitis A by 89.8% and 89.1%, respectively.
Economic outcomes
A two-dose vaccination program for toddlers in Chile would cost, on average, $5 776 444 annually over a 100-year period (base case scenario) and would prevent the loss of about 3 746 life-years annually ( Table 4 ). The total average annual cost of vaccination, together with the direct and indirect effects of hepatitis A infection, is $18 665 808 less than the direct and indirect costs of hepatitis A in the absence of a vaccination program. Thus, universal vaccination of children in Chile would be cost saving in the base case scenario.
In the absence of a vaccination program, the model predicts that the change in the epidemiology of the dis- ease would lead to an increase in costs related to hepatitis A. Although vaccination would result in a transient increase in total costs associated with hepatitis A, lasting for approximately 5 years, the resulting decrease in both direct and indirect costs would make the program cost saving within 6 years and within 8 years if only direct costs are considered (Figure 3) . The cost effectiveness of a universal program of vaccinating toddlers against hepatitis A in Chile was demonstrated in all planned sensitivity analyses (Table 3) , including vaccination coverage, time horizon, decrease in force of infection, discount rate, herd immunity, and disease costs. Overall savings and costs saved per life-year gained are shown in Figure 4 . Vaccination was the dominant strategy in each sensitivity analysis with large annual savings except for the short time horizon. Other factors evaluated in the sensitivity analyses did not have a major impact on the cost savings per life-year gained, although overall savings varied considerably.
The break-even price per dose of hepatitis A vaccine (the point at which the cost of the vaccination strategy and the cost of the no-vaccination strategy are equal) was $48 in the base case from the societal perspective. Of this total break-even price, approximately 50% would be borne by the public payer ( Figure 5 ). The 2005 public price of the vaccine ($11 per dose) was less than the overall break-even price ($13-$65) in all sensitivity analyses. The price per dose remained considerably less than that borne by the public payer in the base case ($25) and in all sensitivity analyses except for the 10-year time horizon ($7).
DISCUSSION
Socioeconomic development in
Chile has led to an increase in the average age of becoming infected with hepatitis A (6, 30) . As a result, more individuals are at risk of symptomatic infection requiring healthcare support, possibly including costly liver transplantation. In addition to the burden on healthcare providers, there is an impact on society in terms of workplace absenteeism and lost productivity because of symptomatic cases of this vaccine-preventable disease.
Routine vaccination of toddlers has proved highly successful in Israel, where decreasing endemicity was associated with an increase in the age at infection, including the rapid establishment of herd immunity (23) . We evaluated the health and economic impact of a similar routine vaccination program for toddlers in Chile to determine whether it would have benefits similar to the program in Israel. Using a dynamic epidemiology and economic model that incorporated changing levels of endemicity and the establishment of vaccine-induced herd immunity, our analysis suggested that vaccinating toddlers at ages 12 and 18 months would reduce rates of hepatitis A infection substantially within 5 to 10 years and would also result in cost savings to both the public payer and society. We obtained these results using data specific to Chile, including demographic, healthcare, and economic data (30, 36) .
Routine vaccination of toddlers in Chile has been shown to be costeffective with a Markov model of disease outcomes (30) . However, it is difficult to directly compare these results with our results for a number of reasons. The main reason, as acknowledged by Valenzuela et al. (30) , is that the model included only a limited evaluation of the impact of herd immunity, based only on primary and secondary infections, rather than the population-based approach that we used. Also, the Markov model could not incorporate data for the changing epidemiology of hepatitis A infection. Although both studies involved four states related to hepatitis A, Valenzuela et al. identified individuals as uninfected but susceptible, infected, immune, or deceased, whereas we identified individuals as vaccinated, susceptible, infectious, or immune after infection. In addition, Valenzuela et al. considered the vaccination of a single birth cohort and its impact over a 50-year period, whereas we considered vaccination of the annual birth cohort over a 100-year time horizon in the base case. Given these differences, it is encouraging that two such different models have suggested robust In response to the shifting epidemiology of hepatitis A, Israel initiated routine vaccination of toddlers in 1999 (23) . Such a program was previously shown to be cost-effective (26) . The program achieved coverage rates of more than 85% among toddlers, who accounted for less than 3% of the whole population. As a result, there appeared to be "a remarkable degree of herd protection," as there was an overall reduction in hepatitis A infections of more than 95% in all age groups within 5 years (23). This is a greater reduction than is predicted here in a similar time frame, although we deliberately chose a conservative base case so that we did not overestimate the benefits of vaccination. It is also worth noting that we did not include any catch-up campaign in our model, which has been claimed not to be needed in Israel. Routine vaccination is a recent development in the control of hepatitis A. As a result, there are only limited data from real-life experiences of routine vaccination programs. Thus, the full range of factors that contribute to the health and cost benefits of vaccination currently cannot be understood fully. Although modeling the outcomes of routine vaccination is increasingly sophisticated-for example, the incorporation of changing epidemiology and the occurrence of vaccine-induced herd immunity, as described here-the final results rely on several necessary assumptions. We assumed that the annual decrease in the force of infection in Chile was equivalent to that in Argentina (1% in the base case). In addition, we considered a maximum decrease of 2% annually in sensitivity analyses, which is still conservative relative to that observed in the United States (17) . In addition, the age-specific seroprevalence of hepatitis A among subjects aged 16 years or older was extrapolated. Therefore, we undertook a range of sensitivity analyses to determine the robustness of our findings.
In the current study, we used the 2005 public price of a single hepatitis A vaccine dose in Chile ($11). As demonstrated for a similar vaccination program in Argentina (32), the price per dose remained far below the break-even price to society. For Chile, this was true in all scenarios except for the 10-year horizon, soon after the point at which the program would become cost-effective. Further, solely in terms of the public payer costs, the vaccine price was just 50% of the societal break-even price.
Factors that can affect the cost effectiveness of a vaccination program include disease-related costs, herd immunity, coverage rate, and an annual decrease in the force of infection. In a series of sensitivity analyses, we observed that the cost effectiveness per life-year gained of the two-dose program was robust. Overall savings varied; however, with the exception of the 10-year time horizon, the economic benefits were robust when key factors were varied.
The dynamic model used to demonstrate the cost effectiveness of routine hepatitis A vaccination of toddlers in Chile was previously used to demonstrate the health and economic benefits of an equivalent program in Argentina (32) . An important feature of both studies is the use of country-specific data where possible; therefore, it is to be expected that differences in source data, such as birth cohort, number of symptomatic infections, and indirect disease cost, might affect the outcomes. Despite differences between the two studies, it is encouraging for the control of hepatitis A and its burden on both the public payer and society that in both cases routine vaccination of toddlers substantially reduced the number of infections and resulting deaths within a few years and was also shown to be highly costeffective and ultimately cost saving.
In conclusion, dynamic modeling using data specific to Chile showed that routine vaccination of toddlers 
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would substantially reduce the rates of symptomatic hepatitis A and associated mortality and would be highly cost saving. Such a program becomes less expensive than the current novaccination strategy from the sixth year of its implementation, from the public payer and society perspectives.
The resulting cost savings would not be affected to any great extent by changes in a range of parameters, including disease-related costs, herd immunity, coverage rate, and annual decrease in the force of infection. These results support the establishment of a routine vaccination program for toddlers in Chile to reduce the healthcare and economic burden of hepatitis A.
